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bstract
Double-headed protease inhibitor was isolated, purified and characterized including its kinetics from the fruits of Solanum  aculeatissimum  Jacq.
SAPI). The inhibitor was purified to homogeneity via four sequential step procedure, i.e., salt precipitation to Sepharose affinity chromatography.
he purity was confirmed by reverse phase HPLC chromatography. The molecular mass was detected using size elution chromatography (22.2 kDa).
API inhibits trypsin and chymotrypsin simultaneously and the molar inhibitory ratio for trypsin and chymotrypsin was 1:1, i.e., it functions as
ouble headed PI of Bowman–Birk group. Purified SAPI showed optimal specific activities of 502 and 433.7 U/mg with trypsin and chymotrypsin,
espectively. Overall, the fold of purification increased with remarkable yield. Native-PAGE showed four isoinhibitors (pI: 4.7, 5.2, 5.6 and
.9). Dixon plots and Lineweaver–Burk double reciprocal plots revealed competitive mode of inhibition. High pH amplitude (2–12) and broad
emperature range (10–80 ◦C) were observed for SAPI. Circular dichroism spectrum of native SAPI displayed random structure with more β-sheets.
urther, metal ions, detergents, oxidizing and reducing agents affected the inhibitory potential of SAPI in different levels. Chemical modification
tudies to analyze the key amino acid present in the reactive site of SAPI revealed the presence of lysine and tryptophan residue(s).
 2015 Beijing Academy of Food Sciences. Production and hosting by Elsevier B.V. All rights reserved.
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a.  Introduction
Diverse types of protease inhibitors (PIs) have been isolated,
haracterized, and evaluated for their biological potentials. They
re small molecular mass peptides capable of inhibiting endoge-
ous proteases. Plant PIs fascinates the attention of researchers
ecause of their increasing use in pharmaceutical and biotechno-
ogical industries. In the course of evolution, plants have evolved
daptive mechanisms that provide them significant resistance
gainst diverse kinds of unfavorable conditions including insects
nd phytopathogens. The mode of action of PI is either via
nactivating the hydrolase enzymes or depolarization of plasma
embrane of the pathogens thereby inhibiting its growth and
nvasion. PIs are diverse viz., rice cysteine PIs, potato serine∗ Corresponding author at: Plant Molecular Biochemistry and Biology Lab,
epartment of Botany, University College, Thiruvananthapuram, 695 034 Ker-
la, India. Tel.: +91 9447077895.
E-mail address: harimurukan@gmail.com (K. Murugan).
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213-4530/© 2015 Beijing Academy of Food Sciences. Production and hosting by EIs, cowpea serine PIs, sweet potato PIs, corn cystatins, soy-
ean kunitz PIs, tobacco PIs, bean -amylase inhibitors and
ustard trypsin inhibitors. Some are trailed for producing trans-
enic insect resistant plants. Ussuf et al. [1] produced transgenic
obacco plant with CPTI gene from cowpea. In addition, PIs
ave long been treated as antinutritional and therefore, reviewed
heir possible role as antimetastatic and antiinflammation. Syed
akashanda et al. [2] isolated and characterized serine protease
nhibitor (LC-PI-I) from Lavatera  cashmeriana  seeds. It showed
actericidal potential against urinary tract infection, pneumonia
nd septicemia in humans. PIs were also employed as potential
rugs in antiretroviral combination therapy which increases the
xpectancy in HIV patients [3]. Satheesh and Murugan [4] also
evealed the remarkable microbicidal potentiality of PIs from
he leaves of Coccinia  grandis  against Klebsiella  pneumoniae
nd Aspergillus  ﬂavus.
Structurally, PIs belongs to diverse classes such as serine
roteases, cysteine proteases, aspartate proteases and metallo-
roteases based on the active amino acid that was seated in
he reaction centers. The most extensively analyzed protease
lsevier B.V. All rights reserved.
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nhibitors in plants were serine and cysteine protease inhibitors.
ight groups of plant serine protease inhibitors were reported
ased on their amino acid sequences [5]. Soybean trypsin
nhibitor (SKTI), protease inhibitor 1 (PIN1) and protease
nhibitor 2 (PIN2) families were well studied among them.
IN2 family consists of four groups such as Kunitz, Bow-
an Birk, Potato I and Squash families. PIN2 enzymes show
ound-inducible expression patterns in leaves and constitutive
xpression in flowers [6]. Meulenbroek et al. [7] purified and
haracterized double-headed heterodimeric serine PI of Kunitz-
ype from Solanum  tuberosum.
Most of the serine PIs have been isolated and characterized
rom Fabaceae, Cucurbitaceae, Solanaceae, Euphorbiaceae and
oaceae families. There are only limited works of purification
nd characterization of these inhibitors from Solanaceae. Wild
olanum  species represents repository of protease inhibitor (PIs)
iversity and their co-evolutionary trends with the insect pro-
eases ensure its dynamic role. Solanum  aculeatissimum  Jacq.
s commonly known as the African nightshade or Dutch egg
lant and is used by local vendors for curing many diseases
ncluding viral. In this juncture, the present work targets PIs
rom S. aculeatissimum  in terms of isolation, purification and
haracterization including kinetics.
.  Material  and  methods
.1.  Puriﬁcation  of  SAPI
S.  aculeatissimum  Jacq. fruits were obtained from Munnar
ills of Western Ghats, Kerala. 100 g fresh fruits were homog-
nized with 250 mL of saline Tris buffer (20 mmol/L Tris, pH
.0; 0.15 mol/L NaCl) containing 1% polyvinylpyrrolidone (1:6,
/v) and filtered through chilled 4-fold muslin cloth and fur-
her, centrifuged for 15 min at 10,000 ×  g. The entire protocol
as carried at 4 ◦C [8]. The crude PI extract was fractionated by
0–90% (NH4)2SO4 precipitation.
Low ammonium sulfate concentration precipitate proteins
ith less hydrophilic regions. Meanwhile proteins with more
ydrophilic regions are concentrated and precipitated with
igher (NH4)2SO4 saturation. The beaker containing 100 mL
f protein solution was placed in a cooling water bath on top
f a magnetic stir plate. This was accomplished by placing
he beaker within another beaker containing water–ice slurry.
NH4)2SO4 precipitation was carried out at different saturation
s 0–20, 20–40, 40–60, 60–80 and 80–90% by adding 5.35,
1.45, 36.6, 52.3 and 61.7 g salt slowly and gentle agitation
n magnetic stirrer, respectively. This step was completed in
–10 min. The stirring was continued for 10–30 min after all salt
as been added. Resultant solution was centrifuged at 10,000 ×  g
or 10 min at 4 ◦C. The supernatant was decanted and the precip-
tate was resuspended in 1–2 pellet volumes of cold extraction
uffer. The (NH4)2SO4 was removed by the process of dialysis
sing the extraction buffer stirred gently with magnetic stirrer
o improve solute exchange and the dialysis buffer was changed
nce in 3 h for 4–5 times.
The dialyzed protein showing high protease inhibition activ-
ty was subjected to DEAE cellulose exchanger column,
s
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re-equilibrated with 20 mmol/L Tris buffer with pH 8.0. 3 mL
rotein fractions were eluted using linear gradient of NaCl
0.02–0.50 mol/L) at a flow rate of 0.5 mL/min. Fractions eluted
ith 0.18–0.24 mol/L NaCl were pooled, dialyzed, lyophilized
nd loaded (1.0 mg/mL) to Sephadex G-50 superfine from Phar-
acia column.
Suspend the gel (Sephadex G-50) in large volume of water
ntil it is fully swollen (heating in water bath for 2–4 h). Plug
he bottom of column tube with glass wool and keep the column
pright. Pour small volume of buffer into the column to avoid air
ubbles in the plug immediately followed by the slurry in to the
olumn. Keep until the gel settles down to the desired height by
ravitational force. Place a suitable filter circle on top of the gel
ed. Equilibrate the column thoroughly by passing through the
olumn buffer (25 mmol/L Tris–HCl, pH 8.0) and adjust the flow
ate. Apply the ammonium sulfate dialysate in column buffer
nto the top of the bed (the sample volume should preferably
e limited to 1–3% of the total bed volume). Now connect the
uffer line to the elution buffer (25 mmol/L Tris–HCl, pH 8.0) to
evelop the chromatogram. Open the column outlet tubing and
llow the sample to penetrate into bed. Protein molecules pass
hrough the gel space while small molecules distribute between
he solvent inside and outside the gel and then pass through
he column at a slower rate. Wash the remaining sample from
he column wall by applying small amounts of buffer from a
asteur pipette. Collect 5 mL fractions by continuously adding
uffer. The effluent emerging out of the column can be routed
hrough a suitable spectrophotometer to monitor the absorbance
nd the data recorded. The amount of protein is expressed as
g/mL of protein. The volume of mobile phase required to elute
 particular solute is known as the elution volume while the
orresponding time for elution of the solute at a given flow rate
s known as the retention time. The elution is continued (usually
–3 times bed volumes of buffer) until the absorbance monitor
eaches the baseline value.
Active fractions of 0.5 mL with flow rate of 1 mL/3 min were
ollected. The column fractions with SAPI activity were dia-
yzed, concentrated and loaded onto sepharose affinity column
quilibrated with 100 mmol/L phosphate buffer (pH 7.6) con-
aining 100 mmol/L NaCl. The adsorbed SAPI was eluted with
00 mmol/L HCl. The purity was checked by reverse phase
PLC (C18 column) at a flow rate of 1.0 mL/min with 100% sol-
ent A (0.1% trifluoroacetic acid (TFA) in water) for 10 min and
 linear gradient (0–100%) of solvent B (0.08% TFA in 80% ace-
onitrile) over 45 min. Apparent molecular weight was obtained
y Sephadex G-50 gel filtration column (0.1 mol/L phosphate
uffer, pH 7.6) calibrated with known molecular weight proteins
14.3–43 kDa).
.2.  Protease  inhibitor  activity  assay
SAPI activity was determined by estimating the residual
ydrolytic activity of trypsin and chymotrypsin toward the
ubstrates BAPNA (N-benzoyl-l-arginine-p-nitroanilide) and
TPNA (N-benzoyl-l-tyrosyl-p-nitroanilide), respectively, at
H 8.0 after pre-incubation with inhibitor [9]. One trypsin or
hymotrypsin unit is referred as 1 mol of substrate hydrolyzed
 Scien
p
t
e
o
2
[
T
m
A
3
c
3
s
2
i
i
b
s
s
6
b
6
t
a
a
2
t
a
i
l
0
‘
r
(
(
o
1
m
t
c
2
a
F
a
5
i
t
a
o
d
b
d
b
s
(
l
t
2
b
s
a
8
t
r
p
H
o
[
c
[
2
m
c
p
P
r
i
m
n
b
fi
e
i
3
o
w
m
wV.G. Meenu Krishnan, K. Murugan / Food
er min of reaction. One inhibitor unit was recorded as the quan-
ity of inhibitor needed to inhibit 50% of the corresponding
nzyme activity. Protein content was measured as per the method
f Bradford [10] using BSA by Coomassie blue staining.
.3.  SDS,  Native-PAGE  and  isoelectric  focusing
Molecular mass and purity of PI was evaluated by SDS-PAGE
11] and Native-PAGE as per the protocol of Felicioli et al. [12].
he molecular mass was further confirmed by size elution chro-
atography. In 2-D electrophoresis, IEF was performed with
mpholine polyacrylamide gel plates from Pharmacia (pH range
–11) together with Pharmacia broad-range pI  calibration kit
ontaining proteins with various isoelectric points ranging from
 to 10. Proteins were stained with either CBB R250 (0.1%) or
ilver nitrate method.
.4.  Effect  of  temperature  and  pH
The effect of temperature on trypsin or chymotrypsin
nhibitory activity was evaluated by incubating SAPI for 30 min
n water bath at temperature range of 10–100 ◦C, and then cooled
efore testing for residual inhibitory activity.
To measure the pH stability, SAPI was mixed with buffers
uch as 100 mmol/L sodium citrate (pH 2–3), 100 mmol/L
odium acetate (pH 4–5), 100 mmol/L sodium phosphate (pH
–7), 100 mmol/L Tris–HCl (pH 7–8) and 100 mmol/L sodium
icarbonate (pH 9–12). After incubation in the specific buffer for
0 min at 37 ◦C, the trypsin and chymotrypsin inhibitory activi-
ies were assayed as described above. Further, extreme alkaline
nd acidic effects on the inhibitory activity of SAPI were also
nalyzed by incubating SAPI with 6 N HCl and 1 N NaOH.
.5.  Kinetic  analysis
Kinetic analysis of SAPI activity was carried out following
he protocol of Dixon plot analysis [13]. Concentrations such
s 4, 5, 6, 8, 10 and 12 nmol/L were used to determine the
nhibition constant (Ki). The PI inhibitory potential was ana-
yzed for trypsin and chymotrypsin using BAPNA (0.005 and
.01 mmol/L) and BTPNA (0.5 and 1 mmol/L). The initial slope
v’ was determined for each inhibitory concentration. The recip-
ocal velocity (1/v) versus PI for each substrate concentration,
S1) and (S2), was also plotted. Single regression line for each
S) was obtained and the Ki  was calculated from the intersection
f the two lines. The velocity of the reaction was expressed as
/v (OD247 mM/min/mL)−1. The mode of inhibition was deter-
ined using Lineweaver–Burk plots, in which the inverse of
he initial rate was plotted against the inverse of the substrate
oncentration in the presence or absence of PI.
.6.  Effect  of metal  ions,  detergents,  oxidizing  and  reducing
gents in  PI  activityRole of metal ions such as Na+, Ca2+, Mg2+, Zn2+, Cu2+,
e3+, Mn2+, NI2+, Hg2+, Ba2+, Cd2+, M06+ and Al3+ on the
ctivities of PI was evaluated by incubating the PI along with 1,
1
d
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, 10 and 20 mmol/L concentrations of the respective cations
n the SAPI solution for 30 min followed by measuring the
rypsin/chymotrypsin inhibitory activities as described earlier.
Further, the effect of non-ionic and ionic detergents such
s Triton X 100, SDS and Tween-80 (0.5 and l% each w/v)
n PI activity was determined by incubating PI in each of the
etergents for 30 min and dialyzed against 0.01 mol/L phosphate
uffer pH 7.0. The residual inhibitory activities were calculated.
Effect of oxidizing agents such as hydrogen peroxide and
imethyl sulfoxide on the activity of PI were studied by incu-
ating them with 0.5, 1, 2, 3 and 4% (v/v) for 30 min and
ubsequently, the residual inhibitory activities were estimated.
Similarly, the effect of reducing agents like dithiothretol
DTT) and β-mercaptoethanol on the activities of PI was ana-
yzed by incubating SAPI with 1, 2 and 3 mmol/L for 3 h and
heir residual inhibitory activities were estimated.
.7.  Circular  Dichroism  (CD)
Jasco spectropolarimeter equipped with stopped flow cham-
er and thermostated cell holder with 1 nm bandwidth, scanning
peed of 50 nm/min at cell length of 0.2 cm and at 25 ◦C temper-
ture (over three accumulations) in 10 mmol/L Tris–HCl, pH
 are the parameters employed for analyzing the native struc-
ural features [14]. Different CD spectral measurements were
ecorded for native SAPI and also, SAPI exposed to (i) thermo-
H extremities and (ii) treated with 6 mol/L guanidine (Gdn)
Cl and DTT over the range of 190–250 nm (protein solutions
f 0.5 mg/mL) following the methodology of Leach and Fish
15]. The molar ellipticity was noted and subsequently, the per-
ent of secondary structure was predicted using the program k2d
16,17].
.8.  Chemical  modiﬁcation  of  amino  acid  residues  of  SAPI
To analyze the amino acids at the reactive site of inhibitor
olecule related with its PI activity was measured using spe-
ific chemical modifiers and the effect of modifiers on the anti
roteolytic activity of the inhibitor molecule was determined.
atthy and Smith [18] protocol was used to analyze arginine
esidues modification using 1,2-cyclohexanedione (CHD). SAPI
n 50 mmol/L borate buffer (pH 9.0) was incubated with 15-fold
olar excess of CHD and the reaction vial was flushed with
itrogen and kept at 37 ◦C for 2 h. The reaction was terminated
y the addition of 5% acetic acid. Lysine residues were modi-
ed using succinic anhydride following the protocol of Haynes
t al. [19]. PI in 0.1 mol/L sodium carbonate buffer (pH 8.0) was
ncubated with 10-fold molar excess of succinic anhydride at
0 ◦C for 120 min. The reaction was terminated by the addition
f 10% SDS followed by 0.2 mL of 1 N HCl. Tyrosine residues
ere modified using N-acetylimidazole (NAI) following the
ethod of Yu et al. [20]. SAPI in 50 mmol/L Tris–HCl (pH 7.5)
as incubated with 60-fold molar excess of NAI at 37 ◦C for
20 min. The reaction was arrested by adding excess NAI and
ialyzed for 300 min at 4 ◦C against 50 mmol/L Tris–HCl (pH
.5). Tryptophan residues modification was performed using
-bromosuccinimide (NBS) as per the method of Spande and
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Table 1
Different concentrations of ammonium sulfate precipitation of PI from S. aculeatissimum.
Precipitation
steps (%)
Total activity
(U/g tissue)
Yield (%) Total protein
(mg/g tissue)
Specific activity
(U/mg protein)
Fold of
purification
T CT T CT T CT T CT
0–20 4725 4562 97. 2 97 874 5.40 5.22 0.99 0.97
20–40 3812 4000 78.3 85 720 5.29 5.5 0.97 1.05
40–60 3466 3616 71.2 76.9 629 5.51 5.74 1.01 1.09
60–80 3115 3209 64 68.3 523 5.95 6.13 1.09 1.17
8 367 8.07 7.89 1.49 1.51
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30–90 2960 2895 60.8 61.6 
: Trypsin; CT: Chymotrypsin.
itkop [21]. PI in 50 mmol/L sodium acetate buffer (pH 4.0)
as incubated with 60-fold molar excess of NBS at 37 ◦C for
20 min. In all these cases residual inhibitory activities against
rypsin and chymotrypsin were measured.
.  Results  and  discussion
.1.  Puriﬁcation  of  the  S.  aculeatissimum  protease
nhibitor (SAPI)
Protease inhibitor activities from different plant parts of S.
culeatissimum were evaluated. Fruits displayed the maximum
I activity compared to leaves, stem and seeds, i.e., 54% for
rypsin and 48% chymotrypsin inhibitory activity. Subsequently,
rude protease inhibitor (Pl) obtained from fruits was purified to
omogeneity through ammonium sulfate precipitation followed
y chromatographies such as DEAE cellulose ion exchange,
ephadex G-50 and sepharose affinity chromatography.
SAPI was concentrated by (NH4)2SO4 precipitation with
arying concentrations ranging from 0–20, 20–40, 40–60, 60–80
nd 80–90% saturation. The concentrated proteins were desalted
y dialysis against the buffer 20 mmol/L Tris–HCl, pH 8.2 and
he protein concentrations were determined by Lowry’s method
22]. The concentrated proteins had the protein contents as
iven in Table 1. 80–90% saturated (NH4)2SO4 fraction yielded
67 mg/g protein compared to 0–20% saturation (874 mg/g).
imilarly, the concentrated and desalted (NH4)2SO4 fractions
ere assayed for SAPI activity and the amount of SAPI in
he 0–20% fraction was negligible compared to fractions of
0–90%. The (NH4)2SO4 precipitation resulted 1.49 and 1.51
old of purification compared to the crude extract (Table 1).
Subsequent to 90% (NH4)2SO4 precipitation, the elution
ractions of DEAE ion exchange chromatography revealed one
ajor and a minor protein peaks. Pooled active fractions from
.18 to 0.24 mmol/L NaCl (fractions: 9–12) were dialyzed
nd showed 93.2 TlU and 90.2 ClU for trypsin chymotrypsin
nhibitory activities respectively. The fold of purification for
ephadex G-50 column (52.7 and 51.8), followed by affin-
ty column chromatography were significantly correlated with
ingle prominent elution peaks. The purity of PI was fur-
her checked by RP-HPLC with retention time of 10 min in
0 mmol/L Tris–HCl buffer, pH 8.0, coinciding with the pro-
ein peak (Fig. 1). Thus, purified SAPI yielded specific activity
f 502 TlU and 433.7 CIU U/mg, with low protein content of
g
s
mFig. 1. RP-HPLC chromatogram of purified SAPI using C-18 column.
.95 mg. Overall, the specific activity increased about 92.6 and
2.9 folds with 9.8 and 8.77% yield with respect to trypsin and
hymotrypsin respectively (Table 2).
The present purification profile of SAPI was comparable with
I isolated from seeds of Derris  trifoliata  yielding only 57-fold
f purification with Q sepharose [13]. Chaudhary et al. [23] also
urified trypsin inhibitor from seeds of Putranjiva  roxburghii  by
cid precipitation, cation-exchange and anion-exchange chro-
atography with low yield. Meanwhile, Prasad et al. [9] purified
owman–Birk proteinase inhibitor from seeds of Vigna  mungo.
he fold of purification was 55.61 following DEAE cellulose,
rypsin-Sepharose 4B column and sephadex G-50 chromatog-
aphy. The above purification profile results suggest that the
old and recovery of protein can be increased through vari-
us chromatographies. The observation related with SAPI was
ommendable when compared with PIs from D.  trifoliata,  P.
oxburghii and V.  mungo.
.2.  Molecular  mass  and  isoinhibitor  evaluation
SDS-PAGE electrophoretic separation of SAPI showed a sin-
le prominent band of 22.2 kDa mass (Fig. 2a). In agreement,
ize elution chromatography also revealed the same mass. The
olecular mass of purified PI from the seeds of Adenanthera
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Table 2
Purification profile of S. aculeatissimum PI.
Purification steps Total activity
(U/g tissue)
Yield (%) Total protein
(mg/g tissue)
Specific activity
(U/mg protein)
Fold of
purification
T CT T CT T CT T CT
Crude inhibitor 4865 4698 100 100 898 5.42 5.23 1 1
Ammonium sulfate 90% 2960 2895 60.8 61.6 367 8.07 7.89 1.49 1.51
DEAE cellulose ion exchange 1528 1479 31.4 31.5 16.4 93.2 90.2 17.1 17.24
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Sephadex G-50 657 623 13.5 13.3
epharose 477 412 9.8 8.77
avonia  was 20 kDa [24]. Luo et al. [25] expressed an 18 kDa
ecombinant PIN2b PI from S.  americanum  in Escherichia  coli
nd was a potent inhibitor against serine proteinases. Kansal
t al. [26] purified PI from Cicer  arietinum  that showed sin-
le band in SDS-PAGE corresponding to the molecular mass
f 30 kDa. The mass of PI isolated from S.  aculeatissimum  was
igher than A.  pavonia  and S.  americanum  but lower than C.
rietinum.
Isoelectric focusing of SAPI revealed the presence of four
soinhibitors (Fig. 2b) The isoinhibitors had pI  of 4.7, 5.2, 5.6
nd 5.9 respectively (Fig. 2c). Isoinhibitors with strong acidic
raits are physiologically important as part of the evolutionary
urvival strategies evolved by the host plant against pests and
athogens [27]. PIs generally belong to multiple gene family
3
m
ig. 2. (a) SDS-PAGE of purified SAPI. M: Marker; 1: crude; 2: salt precipitated; 3: 
API showing isoinhibitors. (c) 2-D gel showing isoinhibitors of SAPI. The protein w2.3 285.7 270.9 52.7 51.8
0.95 502 433.7 92.6 82.9
nd the possibility of hydrolysis results in the formation of large
umber of isoinhibitors. Domoney et al. [28] suggested that
ost-translational modification of the gene product during the
ntogeny of seed leads to isoinhibitor formation. Lens  culinaris
29] and Vigna  unguiculata  [30] also revealed the existence of
soinhibitors. Campos et al. [31] also reported unusual diverse
soinhibitors with complete amino acid sequence from Phaseo-
us acutifolius. Similarly, BBI class PI from black gram seeds
evealed five different isoinhibitors in 2-D electrophoresis [9]..3.  Inhibitor  kinetics  and  constant
Molar inhibitory ratio of SAPI against trypsin and chy-
otrypsin was found to be similar. The inhibitory graphs
ion exchange; 4: gel filtration; 5: affinity chromatography. (b) Native-PAGE of
ere separated in IEF using 3–11 pH non linear strips.
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Fig. 3. Protease inhibitory activity of S. aculeatissimum showing residual inhi-
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Table 3
Residual inhibitory activities of SAPI against trypsin (TI) and chymotrypsin
(CI) at different temperatures and pH.
Temperature (◦C) % of residual
inhibitory activity
pH % of residual
inhibitory activity
TI CI TI CI
10 23 17 2 23 17
20 71 63 3 55 50
30 97 90 4 63 56
40 97 93 5 78 67
50 95 95 6 88 76
60 92 88 7 98 90
70 88 82 8 100 94
80 74 69 9 82 69
90 40 25 10 68 59
100 21 15 11 56 45
s
t
h
5
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d
3
i
a
w
s
i
a
H
6
t
c
h
1
F
vition activity in percent as function of the inhibitor dose at a fixed concentration
sing BAPNA and BTPNA as substrate.
ncreased steadily up to 85% and subsequent linear extrapola-
ion revealed 1:1 trypsin/chymotrypsin-SAPI complex (Fig. 3).
ost of the BBIs were known to inhibit both trypsin and chy-
otrypsin due to the presence of two different reactive sites
32]. However, PIs show higher affinity toward trypsin com-
ared with chymotrypsin as reported from Apios  americana
ubers and Lupinus  albus  seeds [33,34], i.e., 1:2 stoichiome-
ry. The dissociation constant (Ki) value and mode of inhibition
f SAPI were determined from Dixon plot. The results showed
hat the SAPI shows competitive inhibition where two lines cor-
esponding to each substrate intersect above the x-axis, a feature
f competitive inhibition. The inhibition constants (Ki) against
oth trypsin (BAPNA hydrolyzing units) and chymotrypsin
BTPNA hydrolyzing units) activity were 1.6 ×  10−10 and
.45 ×  10−10 mol/L respectively (Figs. 4 and 5). The data sup-
orts the double headed nature of SAPI, i.e., it belongs to BBI
roup of PIs. Bhattacharyya and Babu [35] obtained more or
ess similar inhibition constants (Ki) for Derris  trifoliata  PI
gainst both trypsin (tosyl–arginyl–methyl ester hydrochloride
ydrolyzing units) and chymotrypsin (n-benzoyl tyrosine ethyl
ster hydrolyzing units). The activities were 1.7 × 10−10 and
.25 ×  10−10 mol/L for trypsin and chymotrypsin respectively.
n addition, Ki  values recorded for PIs isolated from other
egumes were also at par with SAPI [22,35]. In spite of the
5
t
igs. 4 and 5. Dixon plot for the determination of the dissociation constant (Ki) valu
elocity were plotted against different doses of SAPI.12 44 32
imilarities, the Ki  value for Putranjiva  roxburghii  was found
o be 1.4 ×  10−11 mol/L which clearly suggests that PI was
ighly potent against trypsin only [23]. Earlier, high Ki  values of
.3 ×  10−10, 4.0 ×  10−10, 2.5 ×  10−10, 1.7 ×  10−10 mol/L have
een reported for plant trypsin inhibitors from Peltophorum
ubium [36] and Archidendron  ellipticum  [37], respectively.
.4.  Stability  studies
In temperature sensitivity studies, trypsin and chymotrypsin
nhibitory activities related with SAPI was assayed at temper-
ture ranging from 10 to 100 ◦C. Residual inhibitory activities
ere retained remarkably up to 70 ◦C suggesting its thermal
tability nature. Above 70 ◦C temperature there was a decrease
n the inhibitory activities. Further, at 80 ◦C it retained 74%
nd 69% inhibitory activities toward trypsin and chymotrypsin.
owever, the activities decreased drastically above 80 ◦C, i.e.,
0%–75% loss of inhibitory activities at 90 ◦C. Thus, the transi-
ion midpoint for SAPI lies close to 85 and 80 ◦C for trypsin and
hymotrypsin respectively (Table 3). Moreover, SAPI showed
igher trypsin/chymotrypsin inhibition following exposure to
 N NaOH (93% and 89%) compared to 6 N HCl, i.e., 63% and
9%.
Subsequently, the inhibitory activity of SAPI against both
rypsin and chymotrypsin was tested at different pH between 2.0
e of SAPI at two different doses of BAPNA and BTPNA. The reciprocal of the
V.G. Meenu Krishnan, K. Murugan / Food Science and Human Wellness 4 (2015) 97–107 103
Table 4
Effect of various metal ions on SAPI residual inhibitor activity.
Protease Trypsin % of residual
inhibitor activity
Chymotrypsin % of
residual inhibitor activity
Concentrations (mmol/L): 1 5 10 20 1 5 10 20
Metal ions
Sodium 33.5 36.2 38.4 28.3 0.2 3.4 30 25
Calcium 60 50.7 48.2 45.5 88 92 75 60.8
Magnesium 65.2 56 50 45.4 77 80.6 66 50
Cupric 110 123 100 88.4 100 112 95 76
Ferric 109.5 116 76.5 70.9 95 110 80 65
Nickel 35.7 30.8 27.3 22.1 39 34 23 18
Cadmium 16 17 12 9 17 12 8 2
Aluminum 40.4 34.5 27.6 22 36 30 28 11
Manganese 124 133 100 92 126 137 98 94
Zinc 138 133 110 101 142 145 122 99.1
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nd 12.0. However, only a marginal loss in inhibitory activity
long the pH gradient 4–10 was noticed. The possible occurrence
f cysteine fractions forming disulfide bonds may lead for this
emarkable stability in structural conformation and inhibitory
roperties of SAPI. However, it showed maximum residual
nhibitory activities at pH 8.0. Further, it maintained over
5%–88% and 50%–76% of its trypsin/chymotrypsin inhibitory
ctivities for acidic (pH 3–6) whereas 100%–56% and 44%–45%
or trypsin and chymotrypsin, respectively with alkaline (pH
–11) range. The stability toward temperature and pH of the
nhibitor may be due to its structural peculiarities including
eversible denaturation via transient intermediate and also by the
resence of aromatic amino acid molecules generally implicated
n energy transfer and disulfide bonds.
.5.  Effect  of metal  ions,  detergents,  oxidizing  and  reducing
gents on  protease  inhibitor  activity
The role of monovalent and divalent cations was evaluated by
ncubating SAPI with 1, 5, 10 and 20% metal ions. Zn2+, Hg2+,
n2+, iron and copper enhanced the residual inhibitory activity
%) of trypsin and chymotrypsin when compared to the control.
eanwhile, Pb2+ and Cd2+ declined the activities (Table 4).
etal ions play key role in maintaining the structural integrity of
Is. Side chain carboxylates of glutamic and aspartic fractions
ay involve in binding of cations to metalloproteins. Further,
hey also act as chelating agents.
Similarly, ionic and nonionic detergents except SDS have
egative impact in PI activities, i.e., 1% SDS increased the resid-
al activities to 145% and 140% for trypsin and chymotrypsin
espectively when compared to the control. Triton X 100 and
ween 80 decreased the inhibitory activities remarkably (i.e.,
5% and 60%; 70–76% trypsin and chymotrypsin respectively)
Table 5).
Detergents are commonly employed for solubilizing pro-
ein from lipid membranes/other biological molecules and also
or maintaining the solubility of proteins in the solution. The
nhanced inhibitory activity by SDS compared to control sug-
ests its role as stabilizer for PI. The hydrophobic nature of
t
o
(98 105 90 81
19 11 6 2
DS apparently caused rearrangement of peptide backbone con-
ormation leading to helix-formation with more hydrophobic
esidues exposed and consequently available to associate with
he detergent [38].
On the other hand, reduction in SAPI activity with Triton X
00 and Tween 80 may be due to multiple factors such as (a)
inking with specific binding points of native proteins (b) cooper-
tive association between protein and many detergent molecules
ithout major conformational change (c) cooperative associa-
ion with conformational changes in the protein such that the
ative structure is destroyed and replaced by an extended rod-
ike conformation with a moderately high content of α-helix,
n which most of the hydrophobic residues were presumably
xposed for association with the detergent. Decline of function
ithout a concomitant loss or alter in structure suggests that cer-
ain pivotal amino acids needed for inhibiting enzyme activity
nd the reactive site residues are affected [39].
Oxidizing agents reduced trypsin and chymotrypsin protease
nhibitor activities gradually with concentration, i.e., 0.5% of
MSO, decreased the activities to 33% and 37% while, at 4% it
as only 7% and 10% with trypsin and chymotrypsin, respec-
ively. Similarly, 69% and 58.6% with 0.5% H2O2 (Table 6). It
as proposed that methionine oxidation is the common means
or regulating the activity of proteins. Thus, oxidation could be
he key factor for the regulation of PI activity [40].
Further, the residual inhibitory activities of PI increased with
-mercaptoethanol (1.0–2.0 mmol/L). For example, PI activ-
ty with 1 mmol/L was 110 and 100%; at 2 mmol/L 119 and
12% for trypsin and chymotrypsin, respectively. Meanwhile,
TT (1.0 mmol/L) for 3 h on the residual inhibitory activities of
API was 77% and 68% for trypsin and chymotrypsin, respec-
ively, while with 2.0 mmol/L DTT it retained the activities 49%
nd 38% for trypsin and chymotrypsin, respectively. Further, the
ctivities declined drastically (Table 7).
Disulfide bonds are significant in stabilizing the native pro-
ein structural conformation and inhibitory properties, which in
urn maintain/resist change in pH and temperature. This sort
f stability was more prominent in Bowman–Birk inhibitors
contain higher number of cysteine residues) compared with
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Table 5
Effect of detergents on inhibitor activity of SAPI.
Detergents 0.5% 1%
T CT T CT
(% of residual inhibitor activity)
Triton X 100 69 74 55 60
SDS 116 108 145 140
Tween 80 80 66 30 24
Table 6
Effect of oxidizing agents on protease inhibitor activity.
Oxidizing agents (mmol/L) 0.5 1 2 3 4
T CT T CT T CT T CT T CT
(% of residual inhibitor activity)
H2O2 69 58.6 53 47 42 35 36 29 26 17
DMSO 33 37 24 29 19 21 12 16 7 10
Table 7
Effect of reducing agents on protease inhibitor activity.
Reducing agents (mmol/L) 1 2 3
T CT T CT T CT
(% of residual inhibitor activity)
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unitz PIs. Therefore, the effect of DTT reduction on the trypsin
nd chymotrypsin inhibitory activity of SAPI was evaluated.
here was a reduction in the inhibitory activity against trypsin
77%) and chymotrypsin (68%) at 1 mmol/L DTT (Table 7). Fur-
her, as the concentration of DTT increased from 3 mmol/L, the
nhibitory activity of SAPI was remarkably declined (trypsin
 20%; chymotrypsin – 11%). The probable reason may be
ue to the combined effect of factors such as reduction in the
ydrophobic interactions that play a crucial role in holding
ogether the protein tertiary structure and the direct interac-
ion with the protein molecule. However, β-mercaptoethanol
nduced the inhibitory activity up to 2 mmol/L and subsequently
educed. The decline in SAPI activity may be due to intra
olecular disulfide bridges in the reactive site loops of inhibitor
hich are presumably responsible for the functional stability
41].
.6.  Structural  analysis  of  SAPI  by  circular  dichroism  (CD)
Secondary and tertiary structure of SAPI revealed by CD
pectra at 190–250 and 250–300 nm were analyzed at pH 7.5.
nterestingly, 65% β-pleated, 14% spiral α  helix and 20% ran-
om coil are noticed. Prominent CD spectra at 260 followed by a
inor shoulder at 285 nm further supports the disulfide bridges
nd aromatic residues in the protein [42] (Fig. 6a and b).
◦Temperature above 80 C resulted in marginal deformation
n the natural structure of SAPI. Structural changes including
eversibility revealed the flexibility of the PI against tempera-
ure induced changes (Fig. 6c). Similarly, the spectra at low (2–4)
e
n
g
d49 38 20 11
119 112 85 80
nd high pH (10 and 12) corroborates with activity assays, i.e.,
eduction in the residual activities in the extreme acidic pH (pos-
ibly due to the electrostatic repulsion leads to loss of β-sheet
tructure). In addition, at pH 8 the activity increased suggesting
ts molding back to its native conformation (Fig. 6d). The pres-
nce of sulfur containing amino acids may be the reason for this
tability displayed by the SAPI.
The structural modification with DTT incubation (2 mmol/L)
t far-UV CD spectra was also analyzed. Significant variations
ere seen in far-UV spectrum of native and reduced SAPI, i.e.,
oss of the bandwidth between 205 and 215 nm and minor reduc-
ion in ellipticity between 235 and 245 nm band. These may be
ue to the chirality occurred in the cysteine bonds. The losses in
he β-sheets with concomitant modification in the helical con-
ent of the inhibitors were the changes noticed. Conformational
odifications due to loss of disulfide bonds altered the protein
tability and also marginally the reactive sites as revealed by
he retention of 49% trypsin and 38% chymotrypsin inhibitory
ctivities, respectively after 3 h incubation with the reductant
TT (2 mmol/L) (Fig. 6e). Alkylation using iodoacetamide fur-
her altered the secondary structure which in turn confirms the
reak occurred in the disulfide bonds.
Gross structural conformational changes were noticed when
API was incubated with 6 N GHC for 120 min at 80 ◦C. Signif-
cant reduction was noticed in the amplitude of broad negative
llipticity band between 280 and 240 nm in comparison to the
ative SAPI in the near UV spectral zone. Detailed analysis sug-
ests that the complete loss of secondary structure was basically
ue to the complete conversion of the β-sheets to helical and
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Fig. 6. (a and b) CD spectral analysis of SAPI revealing secondary and tertiary model. (c) Effect of different temperatures on far-UV CD spectra of SAPI. (d) Effect
o PI re
r
s
3
s
m
d
a
m
r
i
n
wf pH (2–12) on far-UV CD spectra of SAPI. (e) Far-UV CD spectra of native SA
andom structural components. Many studies on other PIs
trongly support the effect of GHC on PI.
.7.  Amino  acid  modiﬁcation  in  SAPI
Different amino acids were individually modified using
pecific chemical modifiers and the effect of amino acid
odifications on PI activity was determined. Succinic anhy-
ride (lysine) or NBS (tryptophan) modifying agents positively
ffected trypsin PI, i.e., 68% and 100% loss. In spite,
r
a
m
mduced with 2 mmol/L DTT and reduced SAPI is alkylated with iodoacetamide.
odification of arginine or tyrosine residues leads only marginal
eduction in its inhibitory activity.
Meanwhile, tryptophan residue modifications also resulted
n the reduction of chymotrypsin inhibitory activity. However,
o remarkable changes of chymotrypsin inhibitory activities
ere noticed with modifications of lysine, arginine or tyrosineesidues. The presence of amino acid residues lysine/tryptophan
t N-terminal and aspartic/glutamic acid in the carboxy ter-
inus are suggested to be responsible for self-association of
onomers to form stable dimers and any deviation in these
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olecules results in to monomer formation [9]. Replacement
f lysine/tryptophan from the reactive site of PI may restrict
he formation of oligomers and it was retained as monomers.
sybina et al. [43] reported that change in lysine and arginine
esidue present at the reactive site of PI from buckwheat seeds
educes the inhibitory activity. Similarly, tryptophan of PI plays
ey role in maintaining the hydrophobicity and efficiency of the
inding region with its target compound [44].
.  Conclusion
Thus, the present work unveils the PI from the fruits of S.
culeatissimum which inhibits trypsin and chymotrypsin in a
olar ratio 1:1. SAPI exhibit remarkable stability at temperature
nd wide range of pH. CD spectral analysis revealed the presence
f secondary structure and random coils. Chemical modification
tudies indicated that lysine and tryptophan in the reactive site
f PI which play key role in the protease inhibition mechanism.
uture studies are warranted in this direction to completely elu-
idate the molecular and structural characteristic features of PI
rom S.  aculeatissimum.
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